Abstract -Instead of building new substations or transmission lines, proper installation of flexible AC transmission systems (FACTS) devices can make the transmission networks accommodate more power transfers with less expansion cost. In this paper, the problem to maximize power system loadability by optimally installing two types of FACTS devices, namely static var compensator (SVC) and thyristor controlled series compensator (TCSC), is formulated as a mixed discrete-continuous nonlinear optimization problem (MDCP). To reduce the complexity of the problem, the locations suitable for SVC and TCSC installations are first investigated with tangent vector technique and real power flow performance index (PI) sensitivity factor and, with the specified locations for SVC and TCSC installations, a set of schemes is formed. For each scheme with the specific locations for SVC and TCSC installations, the MDCP is reduced to a continuous nonlinear optimization problem and the computing efficiency can be largely improved. Finally, to cope with the technical and economic concerns simultaneously, the scheme with the biggest utilization index value is recommended. The IEEE-14 bus system and a practical power system are used to validate the proposed method.
Introduction
Under constantly increased electricity demands and power transactions, it is becoming more essential to enhance the system loadability of existing transmission networks such that more power transfers can be accommodated with less network expansion cost. Instead of mechanically switched controllers, use of FACTS devices for power-flow control is preferable as it can achieve higher levels of series compensation, different types of compensation (or a combination of them) in one device, higher reliability, as well as faster and smoother control [1] . TCSC, SVC and unified power flow controller (UPFC) can be used to balance the transmission line flows and system voltage, leading to lower system losses and higher loadability.
Most of the studies on optimal FACTS installation are oriented to technical, economic or both concerns. In technical concerns, the method proposed in [2] practically installed different FACTS devices on different locations to identify the increase of loadability. While in [3] , the genetic algorithm (GA) was used to select suitable locations for FACTS installation to maximize system security as well as improve loadability. With the compensation of SVC, TCSC and UPFC installations, in [4] , the singular value/eigenvalue decomposition analysis of the load-flow Jacobian and the controllability characteristics of an equivalent state model, were used to study the voltage instability phenomenon as well as to assess the potential for small-signal voltage stability improvement. A linear programming based optimal power flow (OPF) method was used in [5] to speed up the control to FACTS devices when contingencies happen, and thus fast decision of load shedding was made for overload and irregular voltage. While in [6] , by using a mixed integer optimization technique, the demand responses and the SVC and TCSC controllers were optimally coordinated with the conventional generators to manage the network congestion under a restructured market environment. To speed up the approach to the optimal solution of the MDCP directly, a fitness sharing technique based PSO solution algorithm was proposed in [7] by diversifying the search region of the particles as much as possible. In [8] , a user-friendly FACTS placement toolbox, Graphical User Interface (GUI), was developed to maximize the transmission system loadability by optimizing the locations and sizing parameters of multi-type FACTS devices, such as SVC, TCSC, TCVR, TCPST and UPFC, by using a genetic algorithm (GA). It was demonstrated to be effective and flexible enough for the users to analyze a great number of scenarios for a large power system. To lessen the computing burden to solve the discrete variables in an optimal FACTS installation problem two step approaches were adopted in [9] [10] [11] . First, the locations suitable for installations of different types of FACTS devices were investigated by analytical techniques, and then optimal power flow (OPF) methods were utilized to determine the best controls to maximize system loadability.
While in economic concerns, in [12] and [13] , with the sum of FACTS installation and generation costs as the objective function, GA was utilized to make decision where to install the FACTS devices. The method proposed in [14] was aimed to determine the optimal locations and settings for SVC and TCSC installations by using a PSO algorithm to mitigate small signal oscillations in a multimachine power system. While the strategy proposed in [15] , comprised of the tabu search (TS) and a nonlinear programming method, was utilized to optimize FACTS devices investment and recovery. With the proposed performance indices of real power flows, the method developed in [16] was used to seek the optimal FACTS devices installation locations. Under the existing FACTS devices, in [17] , the minimum generation cost based OPF problem was solved by the proposed hybrid of TS and simulated annealing (SA) algorithms. While in [18] , an optimal strategy comprising CPF and OPF techniques to install the static model of UPFC, was proposed by minimizing the sum of the generation cost and investment. The hybrid immune algorithms (HIA) proposed in [19] , with the performance validated to be better than other evolutionary methods such as GA, PSO, and IA, were utilized to increase system loadability by optimizing the locations for UPFC installation. The new indices, thermal capacity index (TCI) and contingency capacity index (CCI), proposed in [20] were used to place TCSC at appropriate location under normal and network contingency conditions respectively. In [21] , with the genetic algorithm (GA) method proposed, the FACTS devices, SVC, TCSC, TCVR and TCPST, were optimally placed by minimizing the total cost of the generation and the installed FACTS devices.
To cope with both concerns simultaneously, in [22] , with a single-objective function linearly composed of voltage security, system loss, capacities for STATCOM installation and loading margin (LM), the optimal STATCOM installation problem was solved by using a PSO algorithm. While in [23] and [24] , a single-objective function based was linearly composed of the installation costs for various types of FACTS devices, UPFC, TCSC and SVC, system securities and loss, and voltage stability indices, and the OPF problem was solved by PSO in [23] and GA in [24] . Besides, to reveal the variety of solutions as far as possible, the optimal FACTS installation problem for LM enhancement was formulated as a multi-objective optimization problem (MOP). With the developed strategy including fuzzy logic and real coded genetic algorithm, [25] proposed a fuzzy performance index, based on distance to saddle node bifurcation, voltage profile and capacity of shunt FACTS controller, to find the most effective location and optimal size of the shunt FACTS devices, SVC or STACOM. Under the aim to release low voltage problem and line congestion, [26] applied a multiobjective genetic algorithm (MOGA) to the combinatorial optimization problem with the multi-objective function composed of minimum FACTS installation cost and allowable system security limits. The results obtained include the FACTS devices used, the installation locations and capacities. While in [27] , with the minimum generation costs and system security limits involved in the multiobjective function, a bacterial swarming algorithm (BSA) was used to determine the locations and capacities for the installations of various types of FACTS devices (TCSC, TCPST, TCVR, SVC). In [28] , with the multi-objective function composed of maximum LM, minimum system loss and voltage deviations at PQ buses, an MOPSO method was applied to solve for the locations and capacities for one SVC and one TCSC installations. The method proposed in [29] , with the generation cost, the investment cost for FACTS installation and the transmission security functions taken into account in a multi-objective GA algorithm, is used to determine what types of FACTS devices, where to install and their capacities. With minimum installation cost and maximum system loadability as the objective, a PSO approach was proposed in [30] to directly optimize the locations and capacities for the installations of different numbers of TCSC, SVC and/or UPFC by a step-by-step strategy.
In the paper, both concerns are considered. The CPF technique [31, 32] is employed to formulate the MDCP to determine the optimal locations and capacities for TCSC and SVC installations by respecting bus voltage magnitude limits and line thermal ratings. To reduce the computing burden of the MDCP, the analytical approaches are adopted. First, the locations suitable for SVC and TCSC installations are investigated with tangent vector technique and PI sensitivity factor respectively and then, with the locations considered for SVC and TCSC installations, a set of schemes is simply formed. The MDCP for each scheme with the specific locations for SVC and TCSC installations is then reduced to a continuous nonlinear optimization problem and solved by using a guaranteed convergence particle swarm optimization (GCPSO) based OPF method [9, 33] . Finally, the scheme with the biggest utilization index value is suggested. The utilization index is defined as the ratio of the loading factor value to the investment for the SVC and TCSC installations. The modified IEEE-14 bus system and the simplified Taipower transmission network are used to validate the performance of the proposed method.
Problem Formulation

Effects of SVC and TCSC installations
Assuming bus i to be a PQ bus and ci Q a continuously regulable reactive power provided by the SVC installation at the bus, the settings are limited within:
The equivalent injection at bus i with an SVC installation is shown in Fig. 1 and, with the loading factor λ used to make system demands increase, the real and reactive power balance equations are expressed as:
While bus i is assumed to be a PV bus, the real and reactive power balance equations are expressed as: (4) can be expressed as: 
The real power flow on line m-n with a TCSC installation on line i-j, can be estimated by using DC power flow equations as follows [34] :
for line m n line i j P D P P for line m n line i j
where , mn h D are the DC load flow sensitivity factors associating the real power flow on line m-n to the equivalent injection power hc P of a TCSC connected to bus h. s in (9) indicates the swing bus.
System loadability enhancement problem
The power flow balance equations in (1) to (4) are expressed in a functional vector as follows:
where system variables vector 
Eq. (11) includes the limits of bus voltage,
real and reactive generation outputs: 0 Gio Gi Gi 
Once the problem is solved, the increased system load, * Di λ P ∆ ∑ , and the optimal SVC and TCSC installations can be obtained.
Proposed Strategy
The procedure of the proposed strategy to determine a best SVC and TCSC installation scheme for suggestion is depicted in Fig. 3 . The key approaches in the strategy are introduced below.
Determine the locations suitable for SVC and TCSC installations using tangent vector and PI sensitivity factor respectively, and then combine the specified locations into a set of schemes For each scheme, the GCPSO method is used to maximize loadability by determining the settings for the SVC and TCSC installations
Comparing the utilization indices of all schemes, the scheme with the biggest utilization index value is suggested
Under the base case and without FACTS installation, use the GCPSO method to solve the loadability maximization problem 
Analytical approaches
In order to lessen the computing burden of the MDCP, the locations suitable for SVC and TCSC installations are first investigated by the respective analytical approaches.
Tangent vector technique
Under the condidtion without FACTS installation, the MDCP in (12) becomes a continuous nonlinear optimization problem and is first solved by using the GCPSO-based OPF method [9, 33] . And then, as refer to [35, 36] , with the Jacobian matrix, the changes of the state variables can be evaluated by the tangent vector as follows:
where vector ∆ G P including the increments of all real power generations, for generator i, The factor / i i V V ∆ is used to evaluate how necessary the SVC installation at bus i is for the system with the increased loadability able to operate within the voltage security limits. In principle, the more / i i V V ∆ is negative, the more bus i will be necessary for an SVC installation. In the proposed strategy, since the buses with most negative / V V ∆ are specified as the locations for SVC installation, the discrete variables of the MDCP to determine the locations for SVC installation can be eliminated.
Performance index sensitivity factor
The congestion level of the transmission network can be evaluated by PI, as defined below:
where mn P being the real power flow on line m-n and mn P represents the capacity; mn w being a weight to reflect the importance of the line, in the paper, which is set to 2 / mn mn P P and exponent k being set to 2. As a TCSC installation on line i-j, the PI sensitivity factor due to the reactance provided by the TCSC can be calculated by [10] :
where , ij c
x being the reactance provided by the TCSC on line i-j. Using (9), the sensitivities of the real power flow changes associated with the change of , ij c x can be derived from:
As seen in (16) that if the PI sensitivity factor at line m-n is negative due to the TCSC installation on line i-j, the congestion level of line m-n can be decreased and system loadability may thus be improved. Accordingly, by calculating the PI sensitivity factor in turn for each single line with a TCSC installation, it is supposed that the lines with more negative PI sensitivity factor values are more suitable for TCSC installation. Since in the proposed strategy the lines with most negative PI sensitivity factor values are specified as the locations for TCSC installation, the discrete variables of the MDCP to determine the locations for TCSC installation can also be eliminated.
In the proposed strategy, the two analytical approaches are first applied to investigate the buses and lines suitable for SVC and TCSC installations and then, with the most serious K buses and most serious H lines specified for SVC and TCSC installations respectively, there are
formed. With the specific buses and lines for SVC and TCSC installations, the MDCP of each scheme is reduced to a continuous nonlinear OPF problem and solved using the GCPSO-based solution algorithm.
Solution algorithm
In traditional PSO algorithm, particle position and velocity are updated using the two equations below [37] :
, , In early stages of the PSO procedure, the phenomenon of stagnation addressed in [33] may occur and could lead to a prematurely converged solution. To improve the efficiency of achieving the optimal solution, in the proposed GCPSO-based solution method, the velocity update for the best particle is modified by the following equation:
, , where c s and c f are tunable threshold parameters. In this study, they are set to 15 and 10 respectively. In each iteration of the GCPSO algorithm, if there is an overall improvement of fitness that is due to the same particle as in the previous iteration, the #success index is increased and #failure is set to 0. If there is no fitness improvement for k iterations, then #failure=k, and #success is set to 0. The scaling factor of the particle velocity in (19) is updated according to Eq. (20) when #success or #failure is greater than a specified number. On the other hand, if the improvement of fitness is obtained from different particles, both #success and #failure are set to 0, and the scaling factor remains the same.
For each scheme, the GCPSO-based solution algorithm proposed to maximize system loadability by determining the settings of the SVC and TCSC installations is shown below: 1) Set the GCPSO iteration number and particle number in the swarm. 2) Narrow down the control variable adjustment ranges and generate a swarm. 3) A load flow computation is conducted for each particle i with
If no load flow solution exists in the 30 particles, return to step 2. Otherwise, set pbest and fitness for each particle. For the particles with a converged load flow solution, fitness = /(1 _ ) pene v λ + , and for the particles without a load flow solution, 10 fitness = − , where pene_v is a penalty proportional to the severity of security constraint violation and λ is the current loading factor. Set Ite_num=0 and go to step 4. 4) Ite_num = Ite_num+1, gbest = the pbest of the particle with maximum fitness. Restore the control variable adjustment range to the original problem and update the particles using (17)- (20). 5) Execute load flow program for each particle and check security constraints. Update particle fitness ( fitness = /(1 _ ) pene v λ + ). If Ite_num is lower than the iteration number set, go to step 4, otherwise, go to step 6. 6) Record the SVC and TCSC control settings, generation outputs and loading factor value.
The costs (KUSD$), S f and T f , for the SVC and TCSC installations of each scheme are calculated as [30] 
Test Results and Discussions
Modified IEEE-14 bus system
The modified IEEE-14 bus network shown in Fig. 4 is used to examine the performance of the proposed method. The base-case load flow is shown in Table 1 and the loading level is set to the base load. Taking bus voltage magnitudes within 0.9 p.u. and 1.1 p.u. and line thermal ratings as the security constraints, under without FACTS installation and when system operating at the system loadability, the load flow and line flows are shown in Tables 1 and 2 , respectively.
As seen in Table 1 that from the injection of bus 14, the loading factor value is calculated as Since the voltage magnitude at bus 14 is 0.90 p.u., in order to improve system loadability, reactive power compensation close to bus 14 will be necessary. Also, as found from Table 2 that only line 7-9 is utilized sufficiently, in order for the network to accommodate more power transfers, power flow regulation is thus necessary. With the SVC and TCSC installations of scheme 5, as will be detailed later, it can be found from Tables 1 and 2 that, since the voltage magnitudes at all PQ buses are within the security limits and four lines utilized up to the thermal ratings, system loadability is thus improved in a large amount.
Obtained from tangent vector technique and PI sensitivity factor respectively, the three most negative Table 1 . Load flows at base-case and when operating on system loadabilities without and with FACTS installation Table 2 . Line flows operating on system loadabilities without and with FACTS installation Table 3 . 
) are found to be -0.208, -0.188 and -0.180 at buses 14, 13, and 12 respectively with an SVC installation, and the three most negative PI sensitivities are found to be -4.62, -3.78 and -1.03 on lines 1-5, 5-6 and 4-9 respectively with a TCSC installation. Formed with the three buses and three lines specified for SVC and TCSC installations, the number of the schemes is Table 5 and the corresponding load flow and line flows can also be found in Tables 1 and 2 , respectively. As can be seen in Table 1 that the voltage magnitudes at bus 14 are increased from 0.90 p.u. to 0.915 p.u., and in the shadow areas of Table 2 that lines 1-5, 2-4, 2-5 and 3-4 are all utilized up to their thermal ratings, revealing the installations can enable the network to accommodate more power transfers by sufficiently using the transfer capacity. Thus, the SVC and TCSC installations of scheme 5 are suggested for the network reinforcement.
The profiles of the PQ bus voltage magnitudes derived from maximizing the system loadability of the three study cases: 1) without FACTS installation, 2) with the SVC and TCSC installations of scheme 5, and 3) with the SVC and TCSC installations of scheme 49, are shown in Fig. 5 . Obviously, the system security can be effectively improved by the respective SVC and TCSC installations of the two schemes. And, obtained with the CPF method [30] , the respective P-V curves of the three study cases are shown in Fig. 6 . As seen that the static voltage stability can also be largely improved by both schemes. Due to the fact that scheme 5 is the most cost-effective of all schemes it is further identified to be the best suggestion.
Taiwan power system
The simplified Taipower 345kV transmission network with 76 buses, including 50 PQ buses and 25 PV buses, and 113 transmission lines is also used for testing. The network is divided into three areas: north, central and south areas. One line diagram of the central part of the studied EHV system is shown in Fig. 7 . The system demand and supply during peak-load hours are shown in Table 6 . Demand in the north area is higher than those in the central and south areas. For most of the time, the north has to count on the support from the south. Table 7 .
Applying the analytical approaches, as shown in Table 8 , it is found that the four most buses are 31, 32, 36 and 48 and the four most serious lines are 12-32, 14-18, 15-17 and 32-71. They are specified for SVC and TCSC installations Table 8 that locations of the buses considered for SVC installation similar with those shown in Table 7 are all in central-north areas. As can also be found that bus 31 and lines 12-32 and 32-71 appear in the two tables, conceivably they might be the most suitable for SVC and TCSC installations, respectively. For each scheme, the problem to maximize system loadability by determining the settings for the specific SVC and TCSC installations is solved by using the GCPSObased OPF solution algorithm. In the test, the utilization index defined in (24) is applied to measure the performance of the SVC and TCSC installations of each scheme. The utilization index values resulted from the SVC and TCSC installations of schemes S1, S2, S3 and S4 are shown in Fig. 9 , and the installation results of the four schemes are shown in Table 9 . Please note that the respective SVC and TCSC installations of the four schemes can enable the network to provide a biggest loadability among those of the schemes with a same number of FACTS devices (1 to 4 units) installations. As can be found in Fig. 9 that, although the system loadabilities resulted from the respective SVC and TCSC installations of schemes S1 to S4 are increased, the utilization index values decrease. Therefore, if a system loadability at * 0.060 λ ≥ is required, scheme S2 will be the best for suggestion. And, regarding the operations of the respective SVC and TCSC installations of the four schemes shown in Table 9 , it can To analyze the effect of SVC installations on static voltage stability, the CPF method is applied to three study cases. In case 1, with two TCSC installations on lines 12-32 and 32-71 already in each case, there is no SVC installation, in case 2 there are also two SVC installations at buses 36 and 48, and in case 3 there are also two SVC installations at buses 31 and 36. The P-V curves resulted from the three study cases are shown in Fig. 10 . As seen that case 3 outperforms the others. Since the SVC and TCSC installations of scheme S4 are the same as those in study case 3, if also taking static voltage stability into consideration, scheme S4 will be a better choice.
From the author's experience, the GCPSO method takes about 478 seconds to obtain a solution by directly solving the MDCP to determine three SVC and three TCSC installations. As seen in Fig. 8 , to derive the three solutions with system loadabilities at * 0.0650 λ ≥ requires about 478*1000/3/60/60=44.26 hours on an Intel Core Duo CPU-E7650 2.66 GHZ and 2G RAM PC. While using the proposed strategy, with the four buses and four lines as shown in Table 8 Table 10 , the scheme with three SVC installations on buses 31, 32 and 36 and three TCSC installations on lines 12-32, 14-18 and 32-71 can make the power system provide a loadability at * 0.0692 λ = which is bigger than that shown in Table 7 , therefore validating the performance of the proposed strategy.
Conclusion
It is expectable that the future economic developments will result in large electric demands regionally and, in the deregulated power systems, due to open access to the transmission networks a great numbers of various power transactions will incur huge changing power flows. In this view, serious threats to power system security might occur. With the analytical approaches used to investigate the locations suitable for SVC and TCSC installations, in this paper, an efficient SVC and TCSC installation strategy is proposed to enhance the system loadability such that the existing transmission networks can accommodate more power transfers with less network expansion cost. The efficiency of the proposed method is validated with the test results of the SVC and TCSC installation scheme suggested for transmission system loadability enhancement properly consistent with specific technical and economic concerns. Fig . 10 . P-V curves for the three study cases Table 10 . The results for the best SVC and TCSC installations obtained with the proposed strategy
